Air-core pulsed alternator has been a promising pulsed power supply for electromagnetic launching system, due to its characteristics of high power density and high energy density, especially on the occasion with restriction of weight and volume. It is made of non-ferromagnetic materials and especially the rotor is constructed by titanium alloy with high specific strength. That means the air-core pulsed alternator can run at a much higher tip speed compared with that of conventional iron-core machines, which has a great improvement in the energy storage density. But high speed leads to big challenges such as huge centrifugal forces on rotor and vibration phenomenon, and both of them should be taken into consideration carefully.
I. INTRODUCTION
Pulsed power technology is of great importance for both civil and military applications. For more than a century, there have been studied on how to develop and use electrical systems to provide intense pulses of electrical power. In 1980s, some researchers from Center for Electro-mechanics of the University of Texas at Austin put forward the concept of air-core pulsed alternators, which has been one of the most promising pulsed power supplies. The basic advantage of alternators is that they develop an AC output, which is good for transmission and distribution in the utility industry. Moreover, due to the absence of ferromagnetic material, the air-core machine can achieve a very low internal impedance so that it can maximize the discharge current and can be up to mega-ampere level in an extremely short time [1] - [5] .
In order to meet requirements of the electromagnetic launching system, the kinetic energy usually reaches a value of tens of mega joule in the pulsed supply. Such huge energy is stored in the machine's rotor, which leads to a high speed rotor with a large moment of inertia. Consequently, high tip speed and heavy weight will bring some new problems which The associate editor coordinating the review of this manuscript and approving it for publication was Firuz Zare. are often ignored in conventional machines, such as rotor cracking and bearing failure. Right now, design of the rotor has been one of the keys in air-core machine, and effects this machine's performance. It is very necessary to carry out the related studies in the rotor and summarize a relatively simple and straightforward design method for the rotor before fabricating an engineering prototype [6] - [8] .
In this paper, a primary design is developed to determine rotor's size, mechanical performance of the rotor composed of the titanium alloy base, aluminum windings and carbon fiber sleeve is verified in detail. Meanwhile, the deformation of the carbon fiber is taken account because of its effects on determining the air-gap length between the stator and rotor. In addition, the resonance problem is researched too, and the influence of bearing's radius and mounting position on the rotor's critical speed is analyzed. Researching on the above issues is helpful to guide the actual rotor manufacture and optimization.
II. ROTOR MODEL AND DESCRIPTION
The air-core pulsed alternator has been under development for many years with a wide range of configurations [9] . In this text, the rotor is configured with a shaft, a rotor base, excitation windings and a carbon fiber binding sleeve, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ as shown in Fig.1 , which is a typical configuration. Its diameter and length are approximately 0.86m and 1m respectively. Besides, the moment of inertia is more than 200 kg · m 2 and the mass is more than 2000 kg. In the pulsed machine, its shaft is fabricated by steel alloy, one end is used to go through the excitation windings and the other is driven by a prime motor. The energy-storage rotor is made by the titanium alloy, which has a high specific strength allowing this machine to rotate at a really high tip speed up to 350m/s, and the material is non-magnetic and helpful to make an extremely low inner impedance. In order to decrease the centrifugal force when the machine runs at high speed, the aluminum with a low density is choosed to make excitation windings, both of them are arranged and mounted on the rotor surface produced with bosses, whose number is equal to that of machine's poles. Meanwhile, a carbon fiber composite sleeve is used to fix the windings, because of its high strength up to 1.7 GPa, can ensure proper radial growth compatibility happened on the rotor. Since rotor's high speed and heavy weight, the spindle bearings with the basic dynamic load rating more than 140 kN are mounted on the shaft to support the rotor. Properties of materials applied to the rotor are illustrated in the Table 1 and rotor's basic parameters are given in Table 2 , where ρ, E, µ and σ b present the density, young's modulus, poisson's ratio and tensile strength, respectively.
III. ROTOR DESIGN AND STRESS ANALYSIS A. ROTOR SIZE
The kinetic energy stored by the rotor is major determined by the material, structure and size in the air-core pulsed alternator, its kinetic energy can be express as:
where, ρ avg is the average density of the rotor, α and β are ratios of the inner radius to the outer radius and the rotor length to outer radius, respectively. r r and v tip present rotor's outer radius and the tip speed. When designing the rotor, some basic principles should be taken into consideration [10] , and they are: 1) β is better to be between 2 ∼ 4. If β is too large, the rotor will be too slender to result in more severe vibration, which is harmful to motor operation and will shorten the life of the bearing.
2) α is designed between 0.4 ∼ 0.7 in general, according to the practical design experience.
3) v tip is the tip speed of the rotor, which is mainly limited by the material properties. When the tangential stress is greater than the allowable stress of the material, a crack would be happened. In this text, in order to ensure safe operation and avoid rotor cracking, the rotor is made of titanium alloy material with higher tensile strength.
In this text, by taking account of material properties and bearings, the rotor speed is designed to a value of 7500 r/min. The relationship of rotor energy storage with rotor outer diameter and rotor length is shown in Fig.2 .
B. ROTOR STRESS
When the pulsed machine operates at speed of 7500 r/min stably and in the no-load condition, the rotor would withstand its own huge centrifugal force, which is worth discussing its stress distribution.
As above, when the machine is rotating stably, the excitation winding has a tendency to separate from the rotor base due to centrifugal force, and the rotor base is only subjected to its own centrifugal force at this time, it can be considered there is neither normal stress nor shear stress in the axial section, so all axial parallel sections can be approximately regarded as one section, which greatly simplify analysis to be the same plane stress state [11] . An equivalent model is raised and shown in Fig.3 . As seen, the model is consisted of four layers which are shaft, rotor base, excitation winding and carbon fiber sleeve from inside out.
Then,according to the static balance condition in the plane and the generalized Hooke's law, the balance equation can be written as:
where, E θ and µ present the hoop young's modulus and Poisson's ratio of materials, ρ means rotor's density, r presents radius and ω is angular velocity in rad/s. u is the radial displacement, λ is the material's anisotropic degree and can be expressed as λ = √ E θ /E r . Since the rotor material is isotropic titanium alloy, what we can obtain is λ = 1. And because the rotor is only subjected to centrifugal force, the boundary condition can be expressed as:
is the radius stress changing with radius and (b) is the tangential stress changing with radius.
By solving the above differential equations, stress formulas in the radius and tangential can be derived, and there is:
According to analytical calculation, the rotor stress changing with radius is obtained as shown in Fig.4 . The radial stress increases firstly and then deceases with the radius, and the maximum occurs when r = 220mm. It is obvious the maximum tangential stress happens to the inner diameter. The rotor's maximum stress is less than the allowable stress of the rotor material.
However, the rotor is not an ideal cylinder in practice, there are hollow holes in the rotor and bosses on the surface. Therefore, it is necessary to develop analysis by three-dimensional finite element method for understanding the actual stress distribution and deformation. As illustrated in Fig.5 , the total deformation and von-Mises stress distribution of the rotor is analyzed. The maximum deformation occurs on the right side of the titanium base, and its main component is the radial deformation with a value about 0.67mm. From the stress distribution, it is obvious that the rotor base has a stress mainly between 100 MPa and 500 MPa, which is close to the result by the analytical solution.
IV. CARBON FIBER SLEEVE ANALYSIS AND DESIGN
The sleeve consists of fiber epoxy composites with much greater strength and modulus-to-density ratio. The machine will be allowed to run at much higher tip speed compared with conventional iron-core machine by applying fiber epoxy composite technology. When the air-core machine rotates at high speed, the centrifugal force produced by rotor's compositions is mostly suffered by the carbon fiber sleeve bonded on the outside. Consequently, a huge stress and deformation are generated on the sleeve. In order to overcome or decrease the stress and deformation, it makes sense to design a thicker sleeve. However, for electromagnetic reasons, the armature winding should be as close to the rotor's outer periphery as possible for maximizing its coupling with the excitation winding [12] - [14] . Therefore, it is significant to investigate the stress and deformation of the sleeve, in order to find an optimum thickness rather than as thick as possible.
A. ANALYSIS UNDER THE CONDITION OF CENTRIFUGAL FORCE
When the rotor rotates, the radius deformation of the rotor base is smaller than that of carbon fiber sleeve, excitation windings are separated from the rotor base and fixed by the sleeve to overcome the centrifugal force [15] . Therefore, it makes sense to assume the rotor has no effect on the sleeve, then the carbon fiber sleeve is subjected to itself centrifugal force and stress generated by exciting windings, simultaneously. The deformation and stress of the carbon fiber sleeve can be regarded as a superposition of the self-centrifugal force during rotation and the pressure of excitation winding when it is stationary. In order to carry out the analysis about the carbon fiber sleeve, an equivalent stress model of the sleeve is proposed as seen in Fig.6 .
The stress state of the carbon fiber sleeve when subjected to its own centrifugal force can also be obtained by (2) . However, the boundary conditions becomes:
Due to the anisotropic property of the carbon fiber composite, there is λ = 1. So the radius stress and tangential stress under itself centrifugal force can be 
where
B. ANALYSIS UNDER THE CONDITION OF EXCITATION WINDING
The stress and deformation of the carbon fiber sleeve under the condition of the excitation winding are analyzed below. As shown in the rotor equivalent model, the centrifugal force of the excitation windings can be expressed as: 
where, ρ w is the density of excitation windings, l r and ω are rotor length and angular velocity, respectively. Assuming excitation windings and the carbon fiber sleeve are always in contact and without relative sliding during the rotating, the contact area can be calculated by
Thus, the stress of the carbon fiber sleeve subjected to the pressure, generated by exciting windings at a radius of r w , can be denoted by
Since the carbon fiber sleeve is stationary, equation (2) can be simplified as
And its boundary condition is
According to (2) and (12), the stress of the carbon fiber sleeve under the condition of excitation windings can be derived by solving the differential (11) , and there is
Based on the formulas above, the corresponding thickness relationship between excitation windings and the carbon fiber sleeve can be solved under ideal equivalent conditions. By varying the thickness of the carbon fiber sleeve from 9 mm to 16 mm, the maximum stress and deformation of the sleeve at different thicknesses are shown in Fig.7 and Fig.8 .
As seen in Fig.7 , the maximum stress of the carbon fiber sleeve decreases with the increase of the thickness, and the maximum stress obtained by the FEA is larger than the calculation. The difference becomes smaller as the thickness increases. The increasing in thickness effectively reduces the maximum stress suffered by the sleeve. With increasing of 1 mm in thickness, the maximum stress applied to the sleeve is reduced by 84.628 MPa approximately.
As shown in Fig.8 , the maximum deformation of the carbon fiber sleeve decreases with the increase of the thickness too. It can be seen that the increasing in the thickness of the sleeve has an insignificant effect on reducing its radial deformation. With increasing of 1 mm in thickness, the maximum deformation just decreases by 0.34 mm approximately. Therefore, the reduction in sleeve deformation is less than the increment in its thickness, the thickness of the sleeve plus its maximum deformation is increasing with the sleeve thickness. It means that the air gap between the armature winding and the excitation winding will be larger.
Taking both the stress and deformation of the carbon fiber sleeve into consideration, the proper thickness of the carbon fiber sleeve is designed to 12 mm. Its deformation and stress distribution are illustrated in Fig.9 .
It shows the maximum deformation of the sleeve occurs at the contact position of two adjacent excitation coils, which is located in the middle of the axial length. When the thickness of the sleeve is 12 mm, the maximum stress is 1240.6 MPa. The maximum deformation is 3.7 mm, which occurs at the position of maximum stress, and is less than the air-gap length. The stress of the carbon fiber sleeve satisfies its mechanical performance requirements.
V. ROTOR CRITICAL SPEED AND MODAL ANALYSIS
The rotor vibration caused by rotation will be more serious with the increasing of the speed, when the speed reaches some value, a dramatic and abnormal vibration happens to the pulsed machine, with a strong vibration amplitude. After moving away from the special speed, the machine returns to normal with a slight vibration amplitude. The speed is called critical speed. If the machine operates at critical speed for VOLUME 7, 2019 a long time, the excessive vibration would perhaps lead to bending deflection of the rotor or even damage the machine. Hence, the calculation of accurate critical speed is really important for the mechanical design [16] , [17] .
A. INFLUENCE OF BEARING POSITION AND RADIUS ON THE ROTOR
The critical speed of the rotor is determined not only by the size of the rotor, but also by the radius of the shaft and the mounting position of the bearing [18] .The equivalent model of critical speed optimization are shown in Fig.10 , where r b is the radius of the bearing and l b is the length of the bearing from the rotor. In order to study the influence of the bearing on the critical speed, a series of simulations are developed to optimize the appropriate bearing radius and mounting position in the axial direction, and some assumptions that the rotor is considered to be symmetrical and the bearing is considered to be completely rigid, are proposed. As a result, The relationship between the critical speed and the bearing mounting position is shown in Fig.11 . The relationship between the critical speed and the radius of the bearing is shown in Fig.12 .
As seen, the first-order critical speed is much smaller than the second-order critical speed, and the difference between the second-order critical speed and the third-order critical speed is small. The appropriate bearing radius and position should ensure that the first-order and second-order critical speeds are far away from the running speed. In this text, an optimized value of bearing mounting position is 120 mm, and bearing radius is 140 mm.
B. FEA OF ROTOR MODE AND CRITICAL SPEED
To analyze critical speed, modal analysis is developed firstly. The bearing support is constrained to the selected position when setting the constraints. It is assumed that the bearing is rigid and ignore the bearing damping effect, replaced by cylindrical constraints. Considering the gyro effect, the vibration mode and critical speed under bearing support are analyzed. The various modes of vibration of the rotor base can be obtained, as shown in Fig.13 .
The first-order and fourth-order vibration modes of the rotor are the rotational resonance due to the stiffness of the end bearing when the rotor rotates forward and backward. The main reason for the difference is the circumferential asymmetry caused by the slotting on the rotor boss. The second-order and third-order vibration modes are the torsional resonances caused by the torsion of the rotor at both sides. The fifth-order and sixth-order vibration mode are the expansion and contraction resonance caused by the floating bearing of the rotor along the axial direction. The dynamics characteristics of rotor influenced by gyro effect were analyzed based on Campbell diagram. The corresponding Campbell diagram of the rotor is calculated by selecting 10 points from 1000 r/min to 19000 r/min, and the result is shown in Fig.14. According to the Campbell diagram, the critical speeds are listed in Table 3 . It can be seen that the difference of critical speed between the second-order and third-order is very small, the actual speed is 1.46 times than the first critical speed and the second critical speed is 1.69 times than the actual speed of 7500 r/min. The operating point is far away from the resonance point, which means the rotor can operate safely and stably.
VI. CONCLUSION
In this paper, some design considerations of the rotor in air-core pulsed alternators are presented. A three-dimensional model of the typical rotor structure is introduced with the basic design parameters. Some important analysis formulas are derived for the rotor in order to analyze the operating performance under different conditions. The deformation of the rotor and carbon fiber sleeve under different thickness is simulated and calculated, and a reasonable sleeve thickness of 12 mm is optimized. Furthermore, the dynamic analysis about vibration modes and deformations of the rotor are carried out by simulation, the operation speed is far from the first and second critical speed, which can effectively avoid resonance. The work in this paper can provide ideas and directions for manufacturing and optimizing the practical rotor. In the next, the analysis will be developed by taking the discharging process driving the electromagnetic launching system into consideration.
